Introduction
This study utilizes high-resolution land-cover data, meteorological and biogenic emission models to provide 4 km × 4 km gridded, year-long estimates of the amount, spatial distribution and temporal variations of major biogenic volatile organic compounds (BVOC) in the Pearl River Delta (PRD) region, China. It represents the preliminary attempt to explore their diurnal and seasonal variations and their potential contributions to regional variability of surface ozone (O 3 ). Tropospheric ozone, known both as a greenhouse gas and for having adverse effects on human health, vegetation and materials, is formed by complex photochemical reactions involving NO x and volatile organic compounds (VOC) precursors. Investigations have shown that up to 90% of the total VOC emissions are from biogenic sources (Guenther et al., 1995) . In North America, BVOC emissions are estimated to be seven times larger than anthropogenic VOC (AVOC) emissions (Guenther et al., 2000) . Furthermore, BVOC emissions are more reactive than AVOC (Carter et al., 1995; Stockwell et al., 1997) , and many BVOC emissions also play a key role in secondary organic aerosol (SOA) formation and thus can impact radiative forcing and climate change.
Early studies suggested that BVOC emissions in urban areas contribute negligibly to ozone formation due to their relatively small ambient levels compared with AVOC concentrations (Altshuller, 1983) . Nevertheless, later studies focusing on the role of naturally emitted VOC on surface ozone in North America (Sillman et al., 1990; Tao et al., 2003; Cortinovis et al., 2005; Li et al., 2007) and in Asia (Shao et al., 2000; Han et al., 2005; Wang et al., 2008) revealed that BVOC could enhance ozone formation in most investigated areas because they are more reactive than AVOC. Studies from Carter et al. (1995) revealed that reactivity of BVOC has two to three times that of their counterparts from gasoline combustion. Therefore, they can affect air quality even when they are emitted at lower rates. The impacts of BVOC on ozone formation become more prominent in summer when both photochemical activity and BVOC emissions reach their peak (Tsui et al., 2009) . Therefore, it is very important to accurately characterize BVOC emissions.
The PRD region (about 41 700 km 2 ), located at the centre of Guangdong Province in southern China, has experienced remarkable economic development and urbanization during the past two decades. Nine major cities in the PRD form a supercity cluster ( Fig. 1) including Guangzhou (GZ), Dongguan (DG), Foshan (FS), Shenzhen (SZ), Zhuhai (ZH), Zhongshan (ZS), Jiangmen (JM), Huizhou (HZ) and Zhaoqing (ZQ). Hong Kong is 'the Hong Kong special administrative region of the People's Republic of China', which is not administratively considered as part of PRD. Hong Kong and PRD together are the PRD economic zone (PRDEZ). O 3 and particle matter are the major air pollution issues in the PRD, with the maximum hourly averaged ozone concentration exceeding 180 parts per billion (ppbv) in 2008 (the national standard is 100 ppbv in China) . The anthropogenic emissions over the PRD have been estimated by Streets et al. (2003) and Guangdong Environmental Protection Bureau (http://www.gdepb.gov.cn), which provide useful information as air-quality model inputs for understanding the sources of air pollutants. However, the emission inventories described by those studies have not yet included BVOC emissions. Recently, Zheng et al. (2010) used the GloBEIS model to characterize BVOC emissions and their uncertainties in this region. Tsui et al. (2009) generated a BVOC emission inventory for Hong Kong based on measurements of thirteen Hong Kong tree species. These measurements were incorporated into the emission factors (EFs) used for this study. Guenther et al. (1995) estimated the global distribution of BVOC, based on coarse resolution land-cover and meteorological data (0.5-degree), and using the global-average EFs. As a result, the tremendous variability in the PRD land-cover and land-use (LULC) due to urbanization was not properly accounted for in those studies. For example, urbanization rates were approximately 45% during 1990 and 70% during 2006 in the PRD. Wang et al. (2007) investigated the impacts of rapid urbanization in the PRD on ozone concentrations and found surface ozone can change 4-15 ppbv due to meteorological variations. Therefore, the actual BVOC emission estimate may be considerably different from these 'global model' values. Recently, there have been a few localized attempts to measure BVOC EFs in the PRD (Hu et al., 2001; Klinger et al., 2002) and Hong Kong (Tsui et al., 2009) , and to estimate BVOC emissions in the PRD (Hu et al., 2001; Yang et al., 2001) , and China (Klinger et al., 2002; Tie et al., 2006) . Wei et al. (2007) studied the impacts of BVOC on ozone episodes during a tropical storm in the PRD and found that BVOC can increase daytime ozone peak values by 38 ppbv. However, this study only focused on a specific period and there was no systematic, quantitative evaluation of the importance of BVOC on regional ozone formation in the PRD.
Therefore, to further quantify the potential role of BVOC in regional photochemical smog pollution in the PRD, we used the high-resolution LULC data and a full-year of meteorological data obtained from a mesoscale model for 2006 to drive the state of the science MEGAN (the Model of Emissions of Gases and Aerosols from Nature) model to estimate BVOC emissions, their spatial distribution and seasonal variability, and to discuss the implications for ozone formation. In addition, we assessed the influences of uncertainties in specifying EFs, LULC and meteorological conditions on model estimated BVOC emissions. Terpenoids (isoprene, monoterpenes and sesquiterpenes) are the only BVOC emissions considered in this study because they are the major contributors to total BVOC emissions (Guenther et al., 2000; Duhl et al., 2008) and have important impacts on atmospheric oxidants and SOA (Lack et al., 2004; Wiedinmyer et al., Tellus 63B (2011), 2 2006; Liao et al., 2007; Sakulyanontvittaya et al., 2008a,b) . This paper is organized as follows: Section 2 describes the methodology including the MEGAN model and input data; Section 3 presents the calculated BVOC emissions, their seasonal and diurnal distributions and associated uncertainties. This includes an analysis of the implications of BVOC on ozone formation combining the modelled BVOC emissions with the observed O 3 concentrations in the region. Section 4 summarizes the findings of this paper.
Methodology

MEGAN model
The MEGAN model was recently developed as the nextgeneration emission model for biogenic emissions to estimate the net emission of gases and aerosols from terrestrial ecosystems into the atmosphere. Driving variables required to execute MEGAN include LULC data, meteorological data and atmospheric chemical compositions . Recently MEGAN, as another biogenic emission option, has been coded to integrate with atmospheric chemistry and transport models such as the Weather Research and Forecastchemistry model (WRF-Chem) and the Community Multiscale Air Quality model (CMAQ) version 4.7. The MEGAN code, description and user's guide can be downloaded from http://acd. ucar.edu/∼guenther/ MEGAN/ MEGAN.htm. Guenther et al. (2006) and Sakulyanontvittaya et al. (2008a,b) described MEGAN and investigated the sensitivity of MEGAN emission estimates to the monoterpene and sesquiterpene parameters used for the United States. MEGAN version 2.1 employs the multilayer canopy model described by Guenther et al. (2006) , which can be used to investigate energy balance within the vegetation canopy by explicitly calculating leaf temperature and light on sunlit and shaded leaves. MEGAN version 2.1 was used to estimate terpenoid emissions in 2006 over the PRD region.
The MEGAN framework described by Guenther et al. (2006) spatially and temporally calculates biogenic emissions based on EFs, satellite-derived vegetative cover data and site-specific environmental conditions. Emission rates (E) are calculated based on the following equation:
where ε is an EF that represents the net above-canopy emission rate expected at standard conditions; γ is a normalized emission activity factor that accounts for changes due to deviations of environmental variables from standard conditions; ρ is a normalized factor that accounts for variations in chemical production and loss within plant canopies compared to standard conditions. Here, we set ρ to a value of 1 which results in a constant canopy loss rate at about 0.95 for isoprene (e.g. Karl et al., 2004; Stroud et al., 2005) . γ can account for effects of canopy environment, leaf age and soil moisture. The effect of soil moisture is assumed to be negligible in the PRD region, based on the results of Guenther et al. (2006) , so
where γ CE is the factor associated with LAI, light and temperature variations and γ age is the factor associated with leaf age. The model calculates hourly emissions for 20 compounds/compound classes (138 compounds totally), which can be grouped into various chemical mechanisms. The dynamical equations and lumping schemes for different chemical mechanisms can be found in Sakulyanontvittaya et al. (2008a,b) . Several chemical mechanisms can be chosen for model output in the MEGAN post process. The SAPRC99 chemical mechanism was chosen for this study as an example, so that the 37 monoterpene species are grouped into one monoterpene class. 2-m temperature, 10-m wind speed, 2-m water vapour mixing ratio, surface pressure, and downward shortwave radiation at each horizontal grid point used for driving MEGAN were calculated from the fifth-generation non-hydrostatic Mesoscale Meteorological Model (MM5) version 3.7.4 developed by the Pennsylvania State University-National Center for Atmospheric Research. The input data of the MEGAN model will be described in the following sections.
PFTs and ε
Accurate estimation of BVOC emissions highly relies on the accurate description of LULC. MEGAN groups plant species and area coverages by plant functional types (PFTs) but each PFT has a specified plant species composition for a given ecoregion. Total emissions are the sum of emissions estimated for each PFT in a given grid cell. Four PFTs are considered in the MEGAN: broadleaf trees (BT), needle leaf trees (NT), shrubs and bushes (SB) and grasses and crops (GC). The model default PFTs distribution based on 1-km Moderate Resolution Imaging Spectroradiometer (MODIS) data in 2003 can be downloaded from http://cdp.ucar.edu/acd/megan. The default MEGAN 1-km MODIS PFT distribution is compared with a PFT-distribution based on local datasets obtained from three ways. One is from Thematic Mapper (TM) images for 2006 with 30-m resolution, which is the primary PFTs distribution. The second data set is from Guangdong Forestry Bureau, which collects the total vegetation coverage for each county and also identifies the dominant tree species and vegetation categories including BT, NT and SB. The third data set is from field surveys conducted by a team from the Department of Environmental Science at Sun Yat-sen University. The survey team made 50 visits to the places where the TM data differs from the Forestry Bureau statistic data, mainly in Huizhou, Jiangmen, Zhuhai and Guangzhou. Field survey results are used to justify the TM data and calibrate the TM images. More details about the ground survey can be found in Situ et al. (2009) . The results (Fig. 2) showed BT is the most dominant PFT in the PRD accounting for about 24.2% of total land-cover (about 12 043 km 2 ), followed by GC with 23.4% (about 11 645 km 2 ), NT with 18.0% (about 8929 km 2 ) and SB with 7.7% (about 3815 km 2 ). These PFT distributions were used as inputs to the MEGAN model. Tsui et al. (2009) described the quantification of EFs for 13 Hong Kong tree species. Standard EFs of isoprene, total monoterpenes and the other VOCs were assigned to 148 Hong Kong tree species using the measurements of the thirteen tree species and other literature data (Tsui et al., 2009) . PRD and Hong Kong share the same geographical region, and they have similar tree species and families, so Tsui et al. (2009) Hong Kong EFs were used for this study along with some other local measurements (Hu et al., 2001; Yang et al., 2001; Klinger et al., 2002; Wang et al., 2002; Zhao et al., 2004) . The contributions of tree species in the PRD to the total tree cover of the area were used to weight and group the EFs for each PFT. The PFT distributions were used to calculate cell-based standard EFs in the PRD as shown in Table 1 . The values within the parentheses are the model default values for global average EFs that were used to investigate the impacts of EFs on emissions in 3.2.1. Because there is no local measurement reported for sesquiterpene emission rates, the ratio of local studied EFs to global averaged EFs for monoterpene was used to generate sesquiterpene EFs. These estimates are within the range of values used in other studies (e.g. Wiedinmyer et al., 2000; Hu et al., 2001; Yang et al., 2001; Klinger et al., 2002; Wang et al., 2002; Yan et al., 2005; Sakulyanontvittaya et al., 2008b; Zheng et al., 2010) .
Meteorological variables from MM5
Although land cover plays a key role in determining BVOC emissions, meteorological variables are also important inputs for the MEGAN model. MM5 was used to calculate the weather parameters with 12-km and 4-km grid spacing. Figure 3 shows these two domains and topographic distribution. The parameterization schemes used are Medium Range Forecast (MRF) PBL scheme and the NCAR Community Climate Model (CCM2) longwave and shortwave schemes and an explicit microphysical scheme that predicts rain, snow, graupel, cloud water and cloud ice for all domains. The Kain-Fritsch cumulus parameterization scheme was used for the outermost domain (D1), whereas no cumulus parameterization scheme was used for the finest domain (D2) because it was assumed that convection is reasonably well resolved by the explicit microphysics. A more detailed description can be found in Wang et al. (2007) . MM5 was run for the whole year of 2006, and each run is for 5 days with 1-day spin-up time which is continuous run as described in Lin et al. (2007) . The MEGAN model was run in D2 and the BVOC emissions in the PRD were estimated. Available weather data at 22 monitoring sites (such as Guangzhou, Shenzhen, Huizhou, Jiangmen, Guangning, Foshan, etc.) for January, April, July and October were used to validate the MM5 simulations in D2. Table 2 shows the verification statistics of MM5 simulated daytime 2-m temperature and downward shortwave radiation, including their root mean square errors (RMSEs) and mean absolute errors (MAEs). Simulated daytime 2-m temperature has a cold bias of 0.10, 0.14 and 0.66
• C for January, July and October, respectively; whereas in spring, simulated daytime 2-m temperature has a warm bias of 1.04
• C. Their RMSEs are generally less than 2 • C except for April. Simulated downward shortwave radiation is larger than the observation, probably due to the fact that MM5 does not take aerosol into account in absorbing and scattering solar radiation as noted by other studies (e.g. Chen and Dudhia, 2001 ). The maximum bias of downward shortwave radiation is 148 W m −2
for spring. MAEs of relative humidity for January, April, July and October are 9.1%, 9%, 7% and 7.5%, respectively. The annual mean observed relative humidity for the wet season (March to August) is 76.2% and the dry season (September to February) is 65.6%. Field experiments have shown that temperature and radiation can explain most of observed BVOC emission variability, so the sensitivity of model results to temperature and radiation RMSE will be discussed in Section 3.2.3. Overall, the meteorological conditions generated by MM5 are reasonably good for driving MEGAN. Precipitation can indirectly influence BVOC emission in several ways including the impacts on shortwave radiation and leaf temperature, leaf phenological changes including LAI and leaf age, and through soil moisture. The MEGAN soil moisture algorithm is used only to decrease emissions during drought conditions. Because drought did not occur in the PRD during this simulation, we did not include the MEGAN soil moisture algorithm. Precipitation is a major driver of the (1). The canopy is divided into leaf age fraction based on the change in LAI between the current time step and the previous step, which implies the effects of precipitation.
Results and discussion
Seasonal and diurnal distributions
The control case was run for the whole year of 2006. Figure 4 presents the BVOC estimates over four typical months. Figure 4a indicates that the isoprene emissions calculated by MEGAN over the PRD show considerable spatial and interannual variations. They are the lowest in January but increase in April due to the increase in both temperature and incoming solar radiation. As temperature and solar radiation increases further in July, the isoprene emissions reach their annual maximum values. In October, the isoprene emissions start to decrease due to lower temperature and radiation. Note that throughout the year, the isoprene emissions are the highest in northeastern Guangzhou, Huizhou, Zhaoqing and Jiangmen, where broadleaf trees are dominant. The seasonally accumulated isoprene emissions are 4.31 × 10 6 kg C, 19.69 × 10 6 kg C, 45.73 × 10 6 kg C and 25.82 × 10 6 kg C for winter (DJF), spring (MAM), summer (JJA) and fall (SON), respectively, with a total annual value of 95.55 × 10 6 kg C in the PRD. The ratio of biogenic isoprene emissions between summer and winter is very large (about 10.6) Fig. 4 . Calculated biogenic emissions of (a) isoprene, (b) monoterpenes and (c) sesquiterpenes in January, April, July and October.
Tellus 63B (2011), 2 Guenther et al. (1995) a Calculated areas using model grids.
under control case. The impacts of the meteorological variables RMSE on emissions will be studied in Section 3.2.3. Table 3 shows the MEGAN-estimated seasonally averaged isoprene emissions. The fluxes fall between 0.087 and 0.920 ton C km −2 , whereas the reported mean isoprene-emissions for all of China falls between 0.02 and 0.53 ton C km −2 per season . The isoprene emissions in the PRD region are higher than the average value for Beijing and of the whole China because the PRD region has a higher vegetation coverage (37%) compared with Beijing (7%) and the whole China (14%). The higher BVOC emissions in the PRD were also due to the higher temperature and radiation. The PRD seasonal amplitude is smaller compared with the China averaged value (27) because of smaller annual variations of temperature and radiation in the PRD. Our results are higher than Zheng et al.'s (2010) , whose results are 64 × 10 6 kg C in the PRD. Zheng et al. (2010) also indicated that the relative error for isoprene is −82% to +177%, ranging from 10.87 × 10 6 to 163.42 × 10 6 kg C. Our results fall within this range. Eighty-six automatic meteorological monitoring stations data were used in Zheng et al.'s (2010) study to interpolate in 16 720 grids which may lower the temperature and radiation, although in this study, the radiation simulations from MM5 are higher than the observation data which can lead to higher isoprene emissions. On the other hand, the chemical production and loss factor ρ was set to 1 in this study but was 0.96 in Zheng et al. (2010) . Yang et al. (2001) only estimated emissions for several tree species in the PRD, so the emissions are lower as expected. Area-averaged isoprene emissions in the PRD are lower than Hong Kong because Hong Kong has a higher vegetation rate (41%) (Tsui et al., 2009 ) than PRD (37%).
The spatial distribution of monoterpene emissions is different from that of isoprene emissions (Fig. 4b) , especially in southern Huizhou where needle leaf trees are dominant, which have higher EFs of monoterpenes than broadleaf trees (Table 1) . The seasonal variations of monoterpene emissions follow a pattern similar to isoprene. The seasonally accumulated monoterpene emissions are 16.68 × 10 6 , 28.23 × 10 6 , 42.64 × 10 6 and 29.80 × 10 6 kg C for winter, spring, summer and fall, respectively, with a total annual value of 117.35 × 10 6 kg C that is higher than the emissions of isoprene. The ratio of biogenic monoterpene emissions between summer and winter is about 2.6, indicating a smaller seasonal variation than that of isoprene. This is because monoterpene emissions are sensitive to changes in temperature and light. Because the PRD is located in the subtropical area, the seasonal variation of temperature is small and the averaged difference of temperature between July and January is 13.3
• C, compared to the value of 26.9
• C between summer and winter in Beijing. Table 3 (2010) reported a monoterpene emission in the PRD of 68 × 10 6 kg C, which is lower than our result. The uncertainty analysis showed that the uncertainty ranges from 49.9 × 10 6 to 102.22 × 10 6 kg C (Zheng et al., 2010) . The main reason for this difference is that our EFs for monoterpene are higher than Zheng et al.'s (2010) . In this study, monoterpene was a group representing 37 species, mainly sabinene, limonene, myrcene, α-pinene and β-pinene. The dominant monoterpene species are α-pinene and β-pinene, which account for 55% of the total emissions.
The spatial distribution of sesquiterpene emissions is similar to the monoterpene emissions (Fig. 4c) , but their emission amount is smaller. The calculated sesquiterpene emissions are 0.49 × 10 6 , 2.08 × 10 6 , 4.57 × 10 6 and 2.63 × 10 6 kg C in winter, spring, summer and fall respectively, with a total annual value of 9.77 × 10 6 kg C. The highest emission occurs in summer responding to the highest temperature and incoming solar radiation. The ratio of biogenic sesquiterpene emissions between summer and winter is about 9.3. The sesquiterpene emissions in the PRD are about 10 times lower than monoterpene and isoprene. Figure 4 shows that the distribution of monoterpene emissions is different from that of isoprene emissions, which is largely due to PFT distributions. As shown in Table 1 , different PFTs have different EFs for isoprene, monoterpenes and sesquiterpenes. To identify the relative contributions of each PFT to BVOC emissions, a number of sensitivity experiments have been conducted in which EFs for one particular PFT was used while the EFs of other PFTs were set to zero. Because the emissions in July are the highest, results from these runs for July are shown in Table 4 . Broadleaf trees are the biggest contributor to isoprene emissions (about 74.4% of total isoprene emissions) and shrubs are the second largest contributor to isoprene emissions (about 16.9% of total isoprene emissions). Needle leaf trees are the biggest contributor to monoterpene emissions, about 57.3% of monoterpene emissions; broadleaf trees have the second highest contribution to monoterpene emissions in the PRD, about 32.8% of monoterpene emissions.
In addition, there is a strong diurnal variation in biogenic emissions. Figure 5 shows the annual average diurnal variation of biogenic emissions of isoprene, monoterpenes and sesquiterpenes over the area. In general, biogenic emissions are highest at 1300 local standard time (LST) and lowest at night, whereas Tie et al. (2006) showed the highest emissions averaged for the whole China at 1200 LST. Such a difference is due to the location of the PRD in subtropics, which usually have the highest temperature and solar radiation shortly after local noontime. The isoprene emissions have the largest diurnal variability among BVOC. During noontime, the isoprene emissions reach a maximum, and are then quickly reduced in the afternoon around 1800 LST. At night, the isoprene emissions are negligible in the absence of solar radiation. The monoterpene emissions are not zero at night because some monoterpene emissions are not dependent on downward radiation, leading to a smaller diurnal variability for monoterpenes than for isoprene. The ratio of the monoterpene emissions between noontime and nighttime is about 2.2. Sesquiterpene emissions have the same diurnal variation as monoterpene emissions. The ratio of the sesquiterpene emissions between noontime and nighttime is about 6.6.
Uncertainties associated with PRD terpenoid emissions
As we have described, BVOC emissions can be influenced by a number of factors including PFTs, LAI, meteorological conditions, EFs, foliar density and the algorithms relating emissions to these driving variables. Simulated BVOC emissions are hence subject to considerable uncertainties associated with these inputs and relationships. For instance, Guenther (1997) used six land-cover data sets to estimate potential emission variation in United States and found a three-to five-fold difference in estimated inherent emission capacity. The range of uncertainties for Beijing BVOC estimates is also very large, ranging from 50% to 100% (Wang et al., 2003) . Zheng et al. (2010) quantified BVOC emission uncertainties in the PRD using the Monte Carlo method. The results indicated that EFs and model empirical coefficients were the key uncertainty sources for isoprene emissions whereas EFs and foliar density were the key uncertainty sources for monoterpenes and other BVOC. Potential sources of uncertainty include a lack of process understanding, and a resulting over simplification of processes, representation of heterogeneous vegetation with a limited number of PFTs, uncertain model parameters and uncertainty in driving variables such as meteorological data (Gulden et al., 2008) . However, here we focus only on uncertainties that result from EFs, PFT distributions and meteorological variables. Three sensitivity experiments were performed to assess the impacts of PFTs, surface meteorological variables and EFs on BVOC emissions. The detailed experimental design is presented in Table 5 . Compared to the control simulation we have discussed so far, the first sensitivity experiment no. 1 used global-averaged EFs, sensitivity experiment no. 2 used global MODIS PFTs distributions and sensitivity experiment no. 3 explores the uncertainties in meteorological variables. The global average EFs are provided as the MEGAN model default options.
Impacts of EFs on emission estimates.
In the first sensitivity experiment, global default EFs (EFs) were used to assess the impacts of EFs on emission estimates. whereas monoterpene and sesquiterpene EFs are much higher than global-averaged values. Compared with the control run, the BVOC emission distribution pattern does not change due to the same PFT distribution. The total BVOC emissions using global-averaged EF values in the PRD are higher than this study, about 24% higher for the control run, because of higher isoprene EFs. The results showed that total isoprene emissions using the default global-averaged values are 2.5 times higher than the estimated values for the control run, whereas the total amount of monoterpene and sesquiterpene emissions is reduced by about 42% compared with the values of the control run. The ratio of isoprene to total BVOC is 65% in the simulation using global averaged EFs and 32% in the control run. The ratio of combined monoterpene and sesquiterpene emissions to total BVOC is less than 15% under global averaged EFs, while for the control run, the ratio is about 42%. Global-averaged EFs tend to increase the total BVOC emissions in the PRD by augmenting isoprene emissions even though there is a reduction in monoterpene and sesquiterpene emissions. Because monoterpenes and sesquiterpenes have higher SOA formation yields, lower estimation of terpenes will reduce SOA formation in the PRD, whereas the higher isoprene emission estimates will produce higher model ozone estimates in the PRD.
Impact of PFT distribution on emission estimates.
A global PFT database based on MODIS was used to investigate the impacts of PFT distributions on emission estimates in the second sensitivity experiment. The MODIS PFTs data in the PRD represents the year of 2003 in the model default option, while in the control run the PFT data is for 2006. The interannual variability between 2003 and 2006 is usually small and its effect can be ignored. Figure 6 shows the PFT distributions with the MODIS PFTs data. There are significant differences between the MODIS PFTs data and our TM and local-survey data used in the control simulation for spatial distribution and density of vegetation (Fig. 2) . MODIS PFTs data show that the dominant PFT in the PRD is GC with coverage of 45.3%, followed by NT, SB and BT with coverage of 21.8%, 18.0% and 1.9%, respectively. As a result of this major difference in PFT classification, the spatial distribution and amount of terpenoid emissions were substantially altered. Figure 7 shows the difference in emissions between the control simulation and the sensitivity simulation using MODIS PFTs. Terpenoid emissions decreased 27% in the PRD with the spatial difference. In the central PRD, terpenoid emissions increased mainly in south GZ, FS, DG and SZ, which is VOC-control area , the maximum amount of isoprene and monoterpene emissions increased more than 100 g C km −2 h −1 and sesquiterpene emission increased more than 10 g C km −2 h −1 . More BVOC emissions in these areas will enhance ozone and SOA formation. The amount of terpenoid emissions decreased in the remote areas in the PRD, such as HZ, JM and the north of GZ. Among the terpenoids, isoprene emissions have the largest decrease by 49% compared with the control simulation because BT coverage is lower with the MODIS PFTs data.
Impact of meteorological variables on emission estimates.
As discussed earlier, temperature and downward shortwave radiation are the main meteorological parameters influencing BVOC emissions. Hence, in the third sensitivity experiment, we chose January and July to conduct the sensitive study, because July (January) has the highest (lowest) BVOC emissions. In the sensitivity simulations, we perturb the daytime temperature and solar radiation by their RMSE for each time step during the MEGAN model execution as following:
where T and R are the input temperature and downward shortwave radiation to drive the MEGAN model; T 0 and R 0 are the values from the MM5 simulation output from 0800 to 1800 LST; RMSE is taken from verification statistics in Table 2 . Average simulated temperature for July (January) is 29.72
• C (16.37
• C), and the RSME is 1.89
• C (1.97 • C). Average simulated downward shortwave radiation for July (January) is 330.5 W m −2 (284.5 W m −2 ) and the RSME is 115.8 W m −2 (126.9 W m −2 ).
Four sensitivity studies were conducted to investigate the impacts of meteorological variables on BVOC emissions. Table 6 shows the daytime (0800-1800 LST) relative changes of terpenoid emissions for different sensitivity studies. As expected, increasing (decreasing) temperature and downward shortwave radiation produces more (less) terpenoid emissions for July and January, of which isoprene emission ranges from −19.2% to +26.7% due to temperature variations and −39.6% to +50.7% due to radiation variations, monoterpene emission ranges from −18.5% to +16.2% due to temperature variations and −14.3 to +16.8% due to radiation variations and sesquiterpene emission ranges from −18.6% to +24.2% due to temperature variations and −16.3% to +20.8% due to radiation variations. Temperature change in January produces a larger impact on isoprene emissions than that in July, while its impact on monoterpene emissions is reversed as compared with isoprene. Sesquiterpenes emission changes due to temperature change are almost similar in both July and January. Variations in emissions due to modifying downward shortwave radiation have the same trend as with modifying temperature. Isoprene emissions occurring during daytime are more sensitive to radiation. Monoterpene emissions are more sensitive to temperature in January, while in July monoterpene emissions depend on both temperature and downward shortwave radiation. Sesquiterpene emissions are sensitive to both temperature and downward shortwave radiation in July and January. Wang et al. (2005) showed that a simulation with the STEM ( Figure 8c is the annual averaged surface ozone concentration distribution in the PRD based on an interpolation of the observation data. There are 13 air-quality monitor sites in the PRD and three sites in Hong Kong (http://wwwapp.gdepb.gov.cn/EQPublish/raqi.aspx). Hourly concentrations of SO 2 , NO 2 , PM 10 and O 3 have been observed. It shows the regions with the highest ozone concentrations, such as HZ and north GZ, have higher BVOC emissions than AVOC emissions, indicating that BVOC emissions could play an important role for enhancing ozone production in the developing region over the PRD. FS and southern GZ are the lowest ozone concentration areas. Similar to AVOC emissions (Fig. 8a) , the highest anthropogenic NO x emissions (Fig. 8d) are located in FS, southern GZ, DG and SZ. The highest anthropogenic NO x emissions titrate ozone in those areas and lead to the lowest ozone concentrations. In HZ and northern GZ, the highest ozone concentrations are associated with high BVOC emissions and relatively low NO x emissions. Differences in the spatial distributions of AVOC and BVOC emissions can potentially enhance the ozone concentration in the remote region. The strong temporal variability of BVOC emissions is another important factor in determining the importance of its implication in ozone formation. Observational studies in the PRD region show that ozone production is highest around 1400 LST, resulting from the strong photochemical activities at that time (Shao et al., 2009) . Figure 9 shows the diurnal variation of the BVOC emissions and the AVOC emissions in July. There are two peaks of the AVOC emissions, one is at 0800 LST and the other is at 1800 LST. Wang et al. (2005) found that 68% of the AVOC emissions come from transportation, therefore, the diurnal variation of the AVOC emissions roughly corresponds to rush hour traffic. The BVOC emissions calculated for this study are significantly larger than AVOC emissions during the daytime. At 1300 LST, the peak of the BVOC emissions and when the rate of ozone formation is the highest, the ratio of the BVOC emissions to AVOC emissions is about 1.4. This result indicates that even though the annual total BVOC emissions is lower than the annual total AVOC emissions in the PRD, the BVOC emissions play an important role in controlling ozone formation due to large spatial and temporal variations.
The implication of BVOC emissions for ozone formation
Summary and conclusions
The MEGAN version 2.1 was used to simulate terpenoid emissions (mainly isoprene, monoterpenes and sesquiterpenes) in the PRD for the whole year of 2006. Meteorological variables from MM5 model simulations with 4 × 4-km-grid spacing, such as 2-m temperature, downward shortwave radiation and 10-m wind speed and humidity, were used to drive MEGAN. The results show strong variability of terpenoid emissions spanning diurnal and seasonal time scales. The highest terpenoid emissions are in July around local noon, whereas the lowest emissions are in January during night due to lower temperature and solar radiation. Monoterpene emissions have smaller Tellus 63B (2011), 2 seasonal variations than isoprene. Total annual isoprene, monoterpene and sesquiterpene emissions are 95.55 × 10 6 , 117.35 × 10 6 and 9.77 × 10 6 kg C, respectively. These annual amounts are higher than the area-averaged values for China, largely due to denser forests and a warmer climate in the PRD. Broadleaf trees are the biggest contributor to isoprene emissions, about 74.4%; shrubs are the second largest contributor to isoprene emissions, about 16.9%; needle leaf trees are the biggest contributor to monoterpene emissions, about 57.3%, broadleaf trees have the second highest contribution to monoterpene emissions in the PRD.
Sensitivity studies were conducted to characterize the uncertainties associated with EFs, PFT distributions and meterological variables. The results show that (1) using the default globalaverage EFs in MEGAN produces more BVOC, by about 24%, producing 1.5 times more isoprene but less monoterpene and sesquiterpene, by about 42%. (2) BVOC emission distributions are sensitive to the PFT distributions used to model simulations. The results show that terpenoid emissions decreased by 27% when using MODIS 2003 PFTs data, in comparison to the high-resolution data developed for this study, mainly within remote areas. (3) increasing (decreasing) temperature and downward shortwave radiation produces more (less) terpenoid emissions. Under temperature variations (RSME), emissions change from −19.2% to +26.7%, −18.5% to +16.2% and −18.6% to +24.2% for isoprene, monoterpenes and sesquiterpenes, respectively. Under radiation variations (RSME), emissions change from −39.6% to +50.7%, −14.3% to +16.8% and −16.3% to +20.8% for isoprene, monoterpenes and sesquiterpenes, respectively.
Although annual BVOC emissions are lower than AVOC emissions (40%), significant spatial and temporal variations in BVOC emissions make them more dominant at some locations and times, and could lead to enhanced ozone formation. The higher BVOC emissions (>1.2 kg km −2 h −1 ) occur in rural regions where AVOC emissions are relatively low and ozone concentrations are the highest in the PRD. Because of strong seasonal and diurnal variations, biogenic VOC emissions are significantly larger than anthropogenic VOC emissions during the daytime in July when the rate of ozone production in the PRD is the highest. This study presents initial results indicating that BVOC emissions in the PRD may be important for ozone formation. Future work will quantitatively investigate the impacts of BVOC emissions on ozone formation using a three-dimensional atmospheric chemical and transport model.
